We report new time-resolved synchrotron x-ray diffraction (SXRD) measurements to track structural transformations in calcium-aluminate (CaO)x(Al 2 O 3 ) 1−x liquids during glass formation, and review recent progress in neutron diffraction with isotope substitution (NDIS) experiments, combined with aspherical ion model molecular dynamics (AIM-MD) simulations, to identify the atomic-scale configurational constraints on glass-forming ability. The time-resolved measurements reveal substantial changes in ordering on short-and intermediate-range occurring during supercooling. In the equimolar composition x = 0.5 (CA), the liquid undergoes a remarkable structural re-organisation on vitrification as over coordinated AlO 5 polyhedra and oxygen triclusters breakdown to form a network of predominantly corner-shared AlO 4 tetrahedra. This is accompanied by the formation of branched chains of edge-and face-sharing Cacentred CaOy polyhedra contributing to cationic ordering on intermediate lengthscales. The Ca-rich end-member of the glass-forming system x = 0.75 (C3A) is largely composed of AlO 4 tetrahedra, but ∼ 10 % unconnected AlO 4 monomers and Al 2 O 7 dimers are present, representing a threshold after which the glass can no longer support the formation of an infinitely connected network. Overall, the AIM-MD simulations are in excellent agreement with the SXRD and NDIS experiments suggesting an accurate potential model. However, small discrepancies between the simulated glass structures and experimental measurements are apparent indicating a small degree of liquid-like ordering persists in the simulated glass trajectories. This may be due to the short simulation time-scales which are unrepresentative of the viscous kinetic processes involved in supercooling and glass formation. One approach to improve future models could be the integration of rare event sampling techniques into MD simulation codes to massively extend equilibration time-scales and more accurately model vitrification and structural configurations in real glass systems.
Introduction
Aluminate glasses are fundamentally intriguing materials in which aluminium, a non-traditional network glass former, can assume an array of local structural chemistries [1] . Aluminate glasses are also promising candidates as infra-red waveguide and sensor materials, and as hosts for optically active rare earth ions in photonics technology [2] [3] [4] [5] [6] . Zachariasen's rules of glass formation outline four key atomic-scale characteristics of a glass former; 1) each oxygen atom is linked to no more than two glass-forming atoms, 2) the coordination number of the glass-forming atoms is small (three of four), 3) the polyhedra share corners, not edges or faces, and are 4) linked in a continuous 3-dimensional network [7] . Although often used as an additive in oxide glasses, pure alumina (Al 2 O 3 ) itself does not form a glass as it is insufficiently oxygen-rich to form a continuous random network of corner-shared tetrahedra. To compensate for the oxygen deficiency in pure liquid Al 2 O 3 , oxygen atoms form clusters with three or more Al-units and one-third of all Al-polyhedra are coordinated by five or six oxygen atoms with considerable edge-sharing, features which break Zachariasen's rules [8] . However, the introduction of other oxide components, such as CaO, increases the O:Al ratio which promotes the formation of higher fractions of AlO 4 tetrahedra to facilitate vitrification. Using conventional methods, (CaO) x (Al 2 O 3 ) 1−x liquids can be vitrified to colourless transparent glasses over a relatively narrow region centred around x = 0.65 close to the eutectic [2] . Containerless processing enables the fabrication of glasses that cannot be formed using traditional methods by eliminating the possibility of chemical reactions between high temperature liquid oxides and containment materials and suppressing heterogeneous nucleation to promote deep supercooling. Using aerodynamic levitation with laser-heating, it is possible to extend this glass forming region to 0.37 x 0.75 [10] (figure 1).
Glass forming liquids may be classified in terms of kinetic fragility, a concept introduced by Angell [12] , in which "strong" liquids exhibit an approximately Arrhenius viscosity temperature dependence and "fragile" liquids exhibit non-Arrhenius behaviour characterised by a drastic slow-down in their dynamical properties as they approach the glass transition temperature T g . A Vogel-Tammann-Fulcher [16] [17] [18] fit to the macroscopic viscosity data of liquid CaAl 2 O 4 Figure 1 . Liquidus (black curve) [9] , conventional glass-forming region (hatched area) [2] , and extended glass forming region by containerless processing (solid filled area) [10] for the system (CaO)x(Al 2 O 3 ) 1−x . Using rapid (splat) quenching it is possible to extend the glass-forming region further to x = 0.18 [11] .
(x = 0.5 CA) [13] (see figure 2 ) provides a fragility index, defined as the gradient at T g , of m = 116 [14] which is characteristic of a fragile liquid [15] . By comparison, the canonical strong network glassforming liquid SiO 2 has a fragility index m = 20 [15] . The behaviour of fragile liquids arises from the larger range of densely packed potential energy minima in configurational space compared to strong liquids resulting from a higher degree of short-range disorder associated with local coordination and geometrical variation, and intermediate-range disorder associated with the connectivities between cation coordination polyhedra or extended channel structures [19] [20] [21] . In contrast, strong glass-forming liquids such as SiO 2 exhibit stable local coordination environments and selfreinforcing three-dimensional networks which restrict the number of available configurations and generate broad deep minima in the potential energy landscape. Angell representation showing the viscositytemperature dependence for selected glass-forming liquids (adapted from Angell (1995) [12] ). The viscosities reported for liquid CaAl 2 O 4 (CA) by Urbain (1983) [13] are also shown. A Vogel-Tammann-Fulcher fit to the CA data, shown by the light red dashed curve, provides a fragility index m = 116 [14] , characteristic of a "fragile" liquid [15] .
Mode coupling theory predicts a critical temperature T m > T c > T g , where T m denotes the melting temperature and the critical temperature (designated the dynamical crossover temperature) is typically T c 1.2T g [22] [23] [24] . Above T c , characteristically liquid diffusive motions dominate, whereas below T c the transition towards a solid and dynamic arrest begins. On cooling through the dynamical crossover region the supercooled liquid encounters high potential energy barriers compared to thermal energies and is increasingly unable to explore the full-range of configurational states [25] . As a result, the system becomes trapped in a deep local energy minimum. It is therefore evident that a comprehensive understanding of liquid-state structure and its evolution during supercooling to form a solid glass is an important prerequisite for understanding the nature of glassformation in fragile liquids.
The inherent structural disorder of liquids makes their atomic-scale structures difficult to characterise, although chemical bonding constraints can lead to a high degree of ordering on short length scales which can be revealed by using e.g. nuclear magnetic resonance (NMR) spectroscopy or neutron and synchrotron x-ray diffraction methods. 27 Al NMR and diffraction measurements show that glasses in the (CaO) x (Al 2 O 3 ) 1−x system with x > 0.5 are composed of Al coordinated by four oxygen atoms, while more Al 2 O 3 -rich glasses contain five-and sixfold coordinated units [1, 14, 26, 27] . In situ 27 Al NMR experiments of liquid aluminates similarly reveal larger populations of highly coordinated Al-units with increasing Al 2 O 3 fractions, however motional averaging prevents the identification of individual coordination environments [28] [29] [30] .
Neutron and synchrotron x-ray diffraction measurements of these liquids reveal up to 20 % five-fold Al coordinated units at x = 0.33, with aluminium tetrahedra becoming increasingly dominant towards higher CaO fractions [14, [31] [32] [33] [34] [35] [36] [37] . Diffraction experiments provide information on the atomic-scale structure of liquids in the form of the pair-distribution function G(r), which provides a measure of the probability of finding two atoms a distance r apart. For a system comprising n different chemical species, G(r) comprises a weighted sum of n(n + 1)/2 overlapping partial pair-distribution functions g αβ (r).
This complexity can make it difficult to unambiguously interpret the experimental data.
However, measurements made using both neutron and synchrotron x-ray diffraction are highly complementary: while x-rays are sensitive to elements with high atomic numbers, neutrons are sensitive to lighter elements such as oxygen. Furthermore, since the scattering power of neutrons varies between isotopes of the same element, the method of neutron diffraction with isotope substitution (NDIS) can be used to provide site-specific information. In NDIS, diffraction measurements are made for two or more samples that are identical in every respect, except for the isotopic enrichment of one or more of the chemical species. A subtraction of the measured diffraction patterns allows the complex overlapping g αβ (r) functions involving the substituted elements to be unraveled, providing highly-detailed information on liquid structure [14, 37] . The results of these scattering techniques in turn provide a rigorous test of the efficacy of the interaction models used in molecular dynamics (MD) simulations, enabling a full picture of the liquid structural correlations to be obtained [14, 35, 37] .
In this paper we present new time-resolved synchrotron x-ray diffraction measurements, and review recent progress in neutron diffraction with isotope substitution experiments combined with molecular dynamics simulations using an aspherical ion model, to provide detailed insight into the structural transformations which take place during vitrification of calcium aluminate liquids and the atomic-scale configurational constraints on their glass-forming ability.
Methods and Results

Aerodynamic levitation for liquid diffraction
In situ liquid diffraction measurements of aluminates are challenging due to their high-melting temperatures (> 1500 • C) at which conventional furnaces present a high risk of chemical reaction with a sample. This problem can be overcome by containerless processing, where common methods include levitation using an acoustic [38, 39] , aerodynamic [40] , electromagnetic [41] , electrostatic [42] , or optical field [43] . Of these techniques, aerodynamic levitation has been most widely used for the synthesis and characterisation of oxide liquids and glasses [44] [45] [46] . In this method, a sample is placed in the upper cone of a convergentdivergent conical nozzle, which channels a regulated gas (e.g. Ar, N 2 ) flow upwards to counteract gravity ( figure 3 ). The sample is thus levitated without contact just above the nozzle, and heating can be achieved by using lasers focused on to the sample from above and below. In this way, high-temperature oxide liquids and metastable supercooled states can be stably levitated indefinitely [44] . Spherical glasses of diameter 1-4 mm can also be synthesised by rapidly quenching a levitated liquid by abruptly cutting the laser power. The method is ideally suited for in situ x-ray and neutron scattering measurements of oxide liquids as aerodynamic levitation devices can be readily transported and integrated into central facility beamlines and, with no container, clean data sets are obtained, thereby reducing the complexity of the data analysis. This enables the application of advanced techniques, such as time-resolved synchrotron x-ray diffraction or neutron diffraction with isotope substitution, to reveal detailed insight into the liquid and glass structures.
Molecular dynamics simulations
MD simulations can provide a full-scale model of the structural correlations of liquids. First-principles MD, based on a quantum mechanical method such as density functional theory to derive interatomic forces, can calculate properties of liquids to a high accuracy. However, the computational cost is very high and involves small volumes (a few 100 atoms) and timescales (a few tens of ps), such that the dynamical processes of glass formation are not well represented. Classical MD, on-the-other-hand, uses parameterised force fields and has the capacity to study larger systems with longer run times. However, classical potentials can be of limited accuracy.
The simulation results presented in this paper were generated using a set of advanced ionic interaction (AIM) potentials derived for the Ca-Mg-Al-Si-O (CMAS) system and parameterised by fitting the predicted forces and multipoles to first-principles calculations to account for dipole polarisation effects and ion shape deformations [47] . The interaction potential V is constructed from four components [35] 
The charge-charge (V) and dispersion (V disp ) interactions are purely pairwise additive:
q i are the formal charges of ions i (+3 for Al, +2 for Ca and -2 for O). 
which describe short-range corrections to the asymptotic dispersion terms. V rep describes the overlap repulsion interaction
with
and summation of repeated indexes is implied. The variable δσ i characterizes the deviation of the radius of oxide anion i from its default value, {ν i α } are a set of three variables describing the Cartesian components of a dipolar distortion of the ion, and {κ i αβ } are a set of five independent variables describing the corresponding
The last set of sums are self-energy terms representing the energy required to deform the anion charge density, with β, ζ and η as effective force constants. The extent of each ion's distortion is determined at each molecular dynamics time-step by energy minimization.
The polarization part of the potential incorporates dipolar and quadrupolar contributions [49] ,
where α i and C i are the dipole and quadrupole polarizabilities. Only the oxygen and calcium ions are considered polarizable.
are the multipole interaction tensors [50] . The instantaneous values of these moments are obtained by minimization of this expression. The charge-dipole and charge-quadrupole asymptotic functions include terms are damped at short distances by Tang-Toennies functions [48] with X = (D, Q), N D = 4 and N Q = 6. Short-range damping of the anion-anion functions is neglected. The parameters b D and b Q determine the range at which the overlap of the charge densities affects the induced multipoles, the parameters c D and c Q determine the strength of the ion response to this effect. The potential parameters are listed in table 1.
By comparison to purely pairwise classical interaction potentials, the CMAS AIM potentials have a higher degree of transferability between different systems. Despite the fact that there are no explicit threebody or angular terms in the AIM potential, the selfconsistent evaluation of the ion deformability (V rep ) and polarizability (V pol ) parts of the potential energy in each step of the MD simulation leads to an implicit account of many-body interactions. The AIM potentials have been applied successfully to study the properties of MgO-Al 2 O 3 [51] and MgO-SiO 2 [52] liquids, as well as the CaO-Al 2 O 3 system studied and reviewed here [14, 35, 37, 53] . The simulation cells contained 1512 ions for the CaAl 2 O 4 (CA) and 1892 ions for the Ca 3 Al 2 O 6 (C3A) system.The liquid-state AIM-MD simulations were performed with a time step of 1 fs at constant temperature 2230 • C. The first 50 ps of the simulations were used to equilibrate the melts at constant pressure (1 bar). This was followed by 100 ps production runs at constant volume [35] . The structure of CA glass at 30 • C was obtained from the melt employing a constant pressure simulation with a quench rate of 10 12 Ks −1 [14] . In this work, we also present the results of new AIM-MD simulations of C3A glass using the same quench rate.
Time-resolved synchrotron x-ray diffraction
High-flux synchrotron sources enable x-ray scattering measurements of liquids and glasses to be collected with millisecond time-resolution using fast detectors. Combined with aerodynamic levitation with laser heating, time-resolved diffraction measurements can be made for liquid oxides to follow the development of structural changes as these liquids are supercooled through the glass transition into the solid state [45, [54] [55] [56] [57] [58] [59] . Here we report new time-resolved synchrotron x-ray diffraction (SXRD) measurements to track glass formation in (CaO) x 1−x liquids with x = 0.5 (CA) and x = 0.75 (C3A), from synchrotron x-ray diffraction (SXRD), neutron diffraction (ND), and neutron diffraction with isotope substitution (NDIS) measurements, or aspherical ion model molecular dynamics (AIM-MD) simulations. [35] , and for the CA [14] and C3A glasses at 30 • C. denoted C3A) using the aerodynamic levitation with laser heating setup [56] at beamline ID11 at the European Radiation Facility (ESRF), France (figure 4). The sample was levitated by an Ar +3 % O 2 gas flow and melted using two 125 W CO 2 lasers incident from above and below the sample. Temperatures in the range 350-3000 • C were measured using an optical pyrometer. Diffraction by high-energy x-rays (100.456 keV) was recorded using the Fast Readout Low Noise (FReLoN) 2-dimensional charge-coupled device (CCD) detector [60] . The camera uses an ATMEL chip 7899M, which operating in full-frametransfer mode, has an active image zone of 2048 × 2048 pixels of size 14 µm 2 . In frame-transfer mode the active image zone is reduced to 2048 × 1024 pixels, where the remainder of the chip is used as a temporary memory buffer to store the previous image for simultaneous readout and data collection to enable consecutive fast data acquisitions. Static diffraction measurements were made at ID11 with the camera in full-frame mode with an acquisition time of 60 s for the CA and C3A liquids several hundreds of degrees above their melting points T m (1605 • C for CA, 1541 • C for C3A [9] ), their supercooled liquids several hundreds of degrees below their melting points but above T g (905 • C for CA [29, 30] , 771 • C for C3A [61] ) and the glasses at ambient temperature. The static diffraction measurement for C3A glass was made at the DIFFABS beamline at the Soleil Synchrotron, France, using an 18 keV incident x-ray beam with the scattering signal scanned using a scintillation detector with 3 s counting time per 0.2 • step over an angular range of 2-140 • . Time-resolved diffraction measurements were made at ID11 with the camera in frame-transfer mode with successive 30 ms acquisitions recorded as the high-temperature liquids were quenched, by abruptly switching off the laser- power, and supercooled through the glass transition T g into the solid state. The data were analysed using the procedure detailed in reference 35 to obtain the total structure factors, defined at high-energies far from an absorption edge by
where n = 3 is the number of chemical species α or β (Al, Ca, O), Q is the magnitude of the scattering vector, c α and c β are the atomic concentrations, f α (Q) and f β (Q) are the atomic form factors, and S αβ (Q) is a Faber-Ziman [62] partial structure factor. The S(Q) functions measured by static diffraction are shown in figure 5 together with selected time-resolved measurements at comparable temperatures. The timeresolved S(Q) functions are in good overall agreement with the static diffraction measurements and exhibit improved counting statistics and larger maximum scattering vector Q max compared to previous work, despite a factor of 3 shorter acquisition times [55] . The corresponding total pair distribution functions shown in figure 6 were calculated by the Fourier transformation
where n 0 is the atomic number density and M (Q) is a cosine modification function [63] used to reduce the termination ripples generated as a result of the finite accessible Q max . The time-resolved G(r) functions are considerably broadened as a result of the smaller Q max = 12Å −1 compared to 22Å −1 for the static diffraction experiments, which leads to a loss in information on the local structural ordering that is encoded in the high-Q oscillations. The S(Q) and G(r) functions generated from the AIM-MD simulations are in very good agreement with the experimental measurements, although the height of the first peak in S(Q) for the simulated glasses is smaller than in the experimental measurements. The full range of S(Q) functions obtained from the timeresolved measurements of liquid CA and C3A are shown in figure 7 . The main peaks and diffuse high-Q oscillations are enhanced in the glass S(Q) functions, compared to the liquids, due to the higher degree of thermal motion and overall structural disorder in the liquid-state. In both CA and C3A liquids, the first peak in S(Q) at Q 1 = 2.19(2)Å −1 experiences a substantial development in height on vitrification. The position of the first peak in S(Q) can be used to classify ordering in liquids and glasses [64] . The values Q 1 and Q 1 r 1 = 3.90(1) (where r 1 = 1.78(1)Å is the position of the first peak in G(r)) are at the upper limit for attribution as a so-called first sharp diffraction peak (FSDP), indicative of ordering of cation-centred polyhedra on intermediate length scales [64, 65] . However, the position is consistent with the linear increase in FSDP position observed in calcium aluminosilicate glasses with reducing SiO 2 concentration [32, 66] . The AIM-MD simulations show that this peak arises predominantly from S AlCa (Q) and S CaCa (Q), and is sharper in C3A due to the higher concentration of Ca and hence greater influence of these cation-cation correlations [35] . In G(r), the first peak at ∼ 1.78Å is attributed to the nearest neighbour Al-O bond, the second peak at ∼ 2.3Å arises from Ca-O correlations, and the third peak at Ca, and O-O correlations [35] . For C3A, the Al-O peak has reduced height, and the Ca-O peak is greatly enhanced, compared to the CA measurement, consistent with the increase in CaO fraction. On vitrification, both the Al-O and Ca-O peak experience a significant increase in height and change in position to r AlO = 1.75Å and r CaO = 2.35Å, consistent with a reduction and increase in the Al-O and Ca-O coordination numbers, respectively. Real-space peak positions and average coordination numbers are listed in table 2. Coordination numbers were obtained by integrating over a relevant peak in the real-space Fourier transform of a modified S(Q) function in which the Q-dependent weighting factors applied to the partial structure factors of interest have been eliminated [35, 67] . The cooling curve for the time-resolved experiments is shown in figure 8 , together with the relative changes in position ∆Q 1 , full width at half max-imum ∆FWHM, and height ∆h of a Lorentzian function fitted to the first peak in S(Q) in each 30 ms acquisition. Cooling from the respective T m to T g took approximately 3.2 s for each liquid, such that ∼ 96 × 30 ms SXRD measurements were recorded in the supercooled regions during glass formation. The cooling rate dT /dt decreases as a function of time, with two distinct cooling regimes in the supercooled region, marked by an inflection in the vicinity of the dynamical cross-over temperature at 1.25T g , with dT /dt = 325 Ks −1 (CA) and 340 Ks −1 (C3A) at T > 1.25 T g , or dT /dt = 125 Ks −1 (CA) and 142 Ks −1 (C3A) at T g < T < 1.25 T g . Considering liquid CA, the first peak in S(Q) undergoes a progressive increase in height and reduction in width consistent with previous work [55] . These changes are accompanied by a continuous shift in peak position to lower Q-values. As for the cooling curves, an inflection is also observed in these peak parameters at ∼ 1.25 T g , indicative of configurational modifications taking place close to the dynamical crossover temperature. Considering the preceding discussion on the FSDP, these changes are indicative of a progressive ordering of cation-centred polyhedra on an intermediate-range length scale as the temperature decreases. At T g , no further structural evolution is observed, consistent with the freezing of the supercooled liquid into the solid glassy state. For liquid C3A, the first peak in S(Q) experiences a similar height and width evolution to liquid CA with a slightly more pronounced ∆h. However, in contrast to liquid CA, the position Q 1 experiences a small but significant shift to higher Q-values on vitrification. Examination of the AIM-MD simulation results reveal the peak shift in CA to lower-Q values arises from a complex superposition of the reciprocal-space partial correlations in this region, whereas the shift to larger Q observed on vitrification of liquid C3A is attributed S CaCa (Q).
Neutron diffraction with isotope substitution
Although clear changes in relation to ordering on both intermediate-and short-range length scales are evident on vitrification of calcium aluminate liquids by SXRD, Ca-O correlations penetrate the first Al-O coordination shell, and overlap considerably with other atom-atom interactions at higher bond lengths, introducing uncertainty in determining the local aluminium and calcium coordination environments, particular at high temperatures [26, 33, 35, 70] . It is, therefore, advantageous to apply element selective techniques to unambiguously measure the aluminium and calcium coordination environments. As discussed in the introduction, high-temperature liquid 27 Al NMR spectroscopy measurements observe the fast exchange limit such that specific coordination environment populations cannot be resolved [28] [29] [30] Figure 9 . Photograph and schematic of the aerodynamic levitation with laser-heating setup [68] installed at the D4c neutron diffractometer [69] at the Institut Laue-Langevin, France. Spherical samples of diameter ∼ 3 mm are levitated on a flow of gas using a conical vanadium nozzle, which scatters neutrons almost entirely incoherently. Monochromatic neutrons of wavelength 0.4979(1)Å (incident from the left in the photograph) are collimated to around 5 mm vertically by 10 mm horizontally by neutron-absorbing 10 B 4 C flags positioned within the sample belljar close to the levitation nozzle to mask it from the incident neutron beam. The sample is heated above its melting point using two 125 W CO 2 lasers pointing downwards onto the sample at an angle of 20 • to the vertical to achieve a homogeneous temperature distribution. Temperature is recorded using an optical pyrometer and the sample is monitored from the top and the side using video cameras (inset images). Neutron diffraction patterns are measured by the D4c detector array consisting of 9 microstrip 3 He gas detectors providing a very high counting rate stability. The entire detector bank (situated behind the sample belljar in the photograph) rotates to cover the 7 • gaps between detectors to provide an overall scattering angle accessibility range of 1.5 • ≤ 2θ ≤ 137 • . 71, 72] . NMR experiments using the quadrupolar spin-7 2 43 Ca nuclide are also limited by its low sensitivity and natural abundance [73] , especially at high-temperature. Neutron diffraction with isotope substitution (NDIS) has previously been used to determine local calcium coordination environment in (CaO) 0.48 (SiO 2 )(Al 2 O 3 ) 3 glass [74, 75] . NDIS requires good counting statistics and is thus limited by the sample size and available flux at neutron sources. Despite this limitation, NDIS has recently been successfully applied to small (∼2-3 mm diameter) liquid calcium aluminate [14, 37] and silicate spherules [76] , notably including application of the "doubledifference" method to directly measure the Ca-Ca atom-atom interactions in liquid C3A [37] .
The coherent scattering intensity measured by neutron diffraction is represented by the total structure factor
where b denotes the coherent neutron scattering length. Natural calcium is composed mainly of 40 Ca (96.941 % abundance) and 44 Ca (2.086 % abundance) with coherent neutron scattering lengths of 4.80(2) fm and 1.42(6) fm, respectively [77] . If three structurally identical calcium-aluminate samples are prepared containing Ca in its natural isotopic abundance, predominantly 44 Ca, and a 50:50 mixture of the two, then the S αβ (Q) functions involving Ca receive different weightings and give rise to observably different total structure factors denoted nat F (Q), mix F (Q), and 44 F (Q). The S αβ (Q) with α, β = Ca will, however, receive identical weighting in each nat F (Q), mix F (Q), or 44 F (Q). By linear combination of these F (Q) it is possible to eliminate specific partial structure factors from the scattering function. For a calcium aluminate system, equation 10 can be represented by the pseudobinary combination
where
and Expressed in matrix form,
It is, therefore, possible to separate the measured diffraction patterns into structure factors S Caµ (Q), which contains all correlations involving Ca apart from with itself, S µµ (Q) in which all Ca correlations have been eliminated, and a direct measurement of the S CaCa (Q) partial structure factor. The corresponding real-space functions g CaCa (r), g Caµ (r), and g µµ (r), are obtained using the Fourier transform relation defined by equation 9. Mean coordination numbers are obtained by integrating over a peak in real-space arising from specific atom-atom pairs of interest [78] . Aerodynamic levitation with laser heating was combined with 44 Ca NDIS to measure the structure of levitated CA [14] and C3A [37] liquids and glasses, using the experimental set-up shown in figure 9 [68] installed at the D4c neutron diffractometer [69] at the Institut Laue-Langevin (ILL), France. The ILL delivers a very uniform flux of neutrons with highcount rates. As a result, D4c is exceptionally stable and capable of detecting small changes in scattering between samples. However, the small size of the levitated samples (2-3 mm diameter) is considerably less than typical D4c sample dimensions of 7 mm diameter and 50 mm height [69] . Long counting times of up to 24 h were therefore required per sample, with up to 40 h for the mixed isotope sample due to its double weighting in the difference function. The liquid spherules remained stably levitated with no observable mass loss or change in scattering intensity outside of statistical error during the course of the experiment. The glasses were measured under vacuum with the sample resting on top of the levitation nozzle. The asmeasured diffraction patterns for levitated liquid CA and the empty levitation device inside the diffraction chamber with a flow of 96.5 % Ar+3.5 % O 2 gas are shown in figure 10 . Since the nozzle was completely hidden by neutron-absorbing B 4 C collimation flags, and with no signal from a sample container to correct for, very clean neutron diffraction patterns are obtained with the relatively low background intensity originating predominantly from gas scattering in the chamber from the levitating gas flow.
The total neutron structure factors nat F (Q), mix F (Q), and 44 F (Q) measured for the isotopically substituted CA and C3A liquids and glasses are shown in figure 11 . The peak arising from cation-cation correlations at ∼ 2.2Å −1 in the SXRD measurements ( figure 5) is absent in the neutron F (Q) functions due to the lower neutron-scattering cross sections for the cations compared to x-ray scattering. The corresponding nat G(r), mix G(r), and 44 G(r) functions are shown in figure 12. All real-space peak positions and average coordination numbers are listed in table 2. The first peak in the G(r) functions arises from the nearest neighbour Al-O correlations. The main difference between the G(r) functions for CA and C3A is the second peak arising from Ca-O correlations at ∼ 2.3Å is much stronger in the C3A measurements due to the higher fraction of CaO. This peak is strongest in the glass measurements and is barely discernible in the liquid CA measurements. The Ca-O peak progressively weakens from nat G(r) to mix G(r) and 44 G(r) due to the reducing calcium neutron scattering length. The reciprocal-space structure factors S µµ (Q) and S Caµ (Q) obtained by linear combination of nat F (Q), mix F (Q), and 44 F (Q) according to equation 14, are shown in figure 13 and the corresponding real-space functions g µµ (r) and g Caµ (r) are shown in figure 14 .
The g µµ (r) functions contain contributions arising Figure 11 . Total structure factors 44 F (Q), mix F (Q), and nat F (Q) obtained by neutron diffraction for the (CaO)x(Al 2 O 3 ) 1−x liquids (a) x = 0.5 (CA) at 1700 • C [14] and (b) x = 0.75 (C3A) at 1800 • C [37] denoted by the prefix l-, together with the room temperature glass (vitreous) samples denoted by the prefix v-(vertical error bars). The red dashed curves are the F (Q) functions generated from the AIM-MD simulations obtained for CA and C3A liquids at 2230 • C [35] and CA [14] and C3A glasses at 30 • C.
solely from µ-µ (µ = Al, O) correlations and have a first peak arising from Al-O nearest-neighbours. The g Caµ (r) functions contain contributions arising from Ca-Ca and Ca-µ correlations only and their first peak corresponds to Ca-O nearest-neighbours. The NDIS measurements for CA glass [14] and liquid C3A [37] were of suitable quality to enable the direct extraction of the Ca-Ca partial structure factor S CaCa (Q) and corresponding partial-pair correlation function g CaCa (r) which are shown in figure 15 .
Overall, the AIM-MD simulations are in excellent agreement with the experimental data. However, in the F (Q) and G(r) functions for C3A, there are some regions of noticeable discrepancies, particularly in the low-Q region in reciprocal space and in the region of the Ca-O peak in real-space. To evaluate these small observed discrepancies, the structural model obtained from AIM-MD for liquid C3A was refined by RMC methods including data from the NDIS experiments and SXRD [35, 37] . The RMC refinement made only subtle changes to the AIM-MD-derived configuration to achieve a better fit to the experimental results, and the basic structure including coordination numbers and bond angle distributions was largely unchanged [37] , confirming the reliability of the AIM-MD atomistic model.
Discussion
The combined strengths of SXRD and NDIS experiments and AIM-MD simulations reported and reviewed Figure 13 . The reciprocal-space structure factors Sµµ(Q) and S Caµ (Q) for the CA [14] and C3A [37] liquids (denoted by the prefix l-) and CA glass [14] (denoted by the prefix v-), as calculated by a linear combination of the F (Q) functions shown in figure 11 (data points with error bars). The red dashed curves are the functions calculated from the AIM-MD simulations [14, 35] .
here, provide a detailed overview of the structural processes that take place in these multicomponent aluminate liquids during vitrification. Overall the AIM-MD results are in excellent agreement with the experimental findings. [79] . Calcium has a broad distribution of coordination sites from 4-to 9-fold by oxygen, with an average coordi- Figure 14 . The real-space pair distribution function gµµ(r) and g Caµ (r) for the CA [14] and C3A [37] liquids (denoted by the prefix l-) and CA glass [14] (denoted by the prefix v-) as obtained by Fourier transforming the experimental [14, 37] (solid black curves) and AIM-MD [14, 35] (dashed red curves) difference functions shown in figure 13 .
nation numbern O Ca = 6.2, forming small clusters of edge-and face-sharing Ca-centred polyhedra. On vitrification, the structure of CA glass is characterised by a predominantly corner-shared tetrahedral network. However, the AIM-MD model predicts 7 % of all oxygen atoms in the glass are non-bridging with ∼ 4 % AlO 5 units and 5 % formal triclusters (12 % considering all Al-O pairs), consistent with 5 % triclusters detected in the glass by heteoronuclear correlation NMR spectroscopy [80] . Edge-and face-sharing Ca-centred polyhedra, with an average coordination numbern O Ca = 6.2, form large branched chains that weave through the glass network contributing to cationic ordering on an intermediate range length-scale. On cooling the liquid, the AIM-MD simulations indicate that maximum cluster size increases significantly in the vicinity of the dynamical crossover temperature between ∼ 1250 • C Figure 15 . (a) The partial structure factor S CaCa (Q) (data points with error bars) and (b) partial pair distribution function g CaCa (r) (solid black curves) determined from NDIS experiments for glassy (vitreous) v-CA [14] and liquid l-C3A [37] . The dashed red curves show the results generated directly from AIM-MD simulations [14, 35] .
and 1000 • C, coinciding with inflections observed in the cooling curve at around 1.25T g and changes in the first peak parameters in S(Q) indicative of a development of ordering between cation-centred polyhedra. We note, however, that the simulated glass structure is sensitive to the quench rate. The cooling rate of 10 12 K s −1 employed in the AIM-MD simulations is ten orders of magnitude higher than the experimental value such that the fictive temperature is likely to be much higher in the simulations. There are some slight indications of disagreement between the NDIS measurements and AIM-MD model of CA glass, such as in the AIM-MD derived g CaCa which exhibits a single peak at r CaCa 3.78Å, compared to two clearly resolved peaks measured by NDIS at r CaCa = 3.59 and 4.41Å. Also, the height of the first peak in the AIM-MD derived S(Q) functions for both CA and C3A glass are slightly lower than in the SXRD measurements, indicating a more liquid-like degree of ordering in the simulated glass structures.
The results show the structure of liquid C3A is largely composed of AlO 4 tetrahedra (93 %). The C3A composition has an O/Al ratio of 3, such that in a network of AlO 4 there should be a mean number of 2 bridging oxygen atoms per aluminium and the overall fraction of non-bridging oxygen atoms is 2/3 with 1/3 bridging oxygens [81] . We find 60 % non-bridging oxygen and 36 % bridging oxygen atoms indicating a slightly higher fraction of bridging oxygens expected from a simple network model and consistent with a large fraction of non-bridging oxygens detected by x-ray absorption and NMR spectroscopy methods [82, 83] . This difference is accounted for by the presence of 3-4 % 'free oxygen' ions, which are not bonded to aluminium, and ∼1 % oxygen atoms existing in triclusters. Although the majority of AlO 4 tetrahedra belong to a single infinitely connected major corner-shared cluster, around 15 to 20 % aluminium are connected to smaller clusters, with around 10 % forming Al 2 O 7 dimers or isolated AlO 4 tetrahedral units. Calcium has a wide distribution of coordination sites from 4-to 8-fold by oxygen, with a slightly smaller an average coordination number ofn O Ca = 5.6 than for liquid CA. All CaO polyhedra are connected by corners to a single network with 90 % edge-and face-sharing connectivity. Highly coordinated CaO y polyhedra (y = 6, 7, 8) preferentially bond to a higher fraction of bridging oxygen neighbours and have higher coordination by aluminium compared to smaller CaO y polyhedra (y = 4, 5). The simulated g CaCa (r) is in very good agreement with the NDIS measurement, giving an average coordination numbern Ca Ca = 8.5. The C3A glass structure obtained in the AIM-MD simulations is characterised by 99 % of all Al being tetrahedrally coordinated and very few AlO 5 units. Compared to the melt the connectivity of AlO 4 tetrahedra increases to 85 % of the tetrahedra being part of a large cluster and only 5 % of isolated tetrahedra or dimers. The number of 'free oxygens' is reduced to about 2 % and OAl 3 triclusters are virtually absent. g CaCa (r) of the simulated C3A glass shows at least two contributions to the first peak with a maximum at 3.48Å and a strong shoulder at 3.80Å. These distances represent the characteristic Ca-Ca distances between edge-and corner-sharing Ca polyhedra, respectively.
Conclusions
Although liquid CA (CaAl 2 O 4 ) defies Zachariasen's rules for glass formation, the liquid structure reorganises on quenching to form a predominantly cornershared network structure based on AlO 4 tetrahedra via the breakdown of AlO 5 and oygen triclusters in the liquid. This reorganisation is accompanied by changes in medium range order via formation of edge-and faceshared chains of Ca-centred polyhedra. At the Al 2 O 3 -rich end of the glass forming region, there is an increase in the concentration of AlO 5 polyhedra in the liquid structure, while the lifetime of AlO 4 tetrahedra is small due to fast oxygen hopping between four-and five-fold coordinated Al [35] .
At the CaO-rich end of the glass forming region, liquid C3A (Ca 3 Al 2 O 6 ) although significantly de-polymerised is still largely composed of AlO 4 tetrahedra, most of which belong to an infinite cornershared network. The results indicate the presence of about 10 % unconnected Al 2 O 7 and AlO 4 monomers and dimers in the liquid. The number of these isolated units is expected to increase with CaO concentration, such that the upper value of the glassforming composition could be described in terms of a percolation threshold at which the glass can no longer support the formation of an infinitely connected AlO 4 network.
Overall, the AIM-MD simulations are in excellent agreement with the SXRD and NDIS experiments suggesting an accurate potential model. However, small discrepancies between in the finer structural details between the simulated glasses and experimental measurements are apparent indicating a small degree of liquid-like ordering persists in the simulated glass trajectories. This may be due to the short simulation time-scales which are unrepresentative of the viscous kinetic processes involved in supercooling and glass formation. This limitation could be overcome by future advances in simulation methods, for example by integrating rare event sampling techniques based on large deviation theory [84] into MD simulation codes to explore the energy landscape in the supercooled region. For the aluminate liquids studied here, this could involve sampling trajectories that preferentially explore a more structured glass g CaCa (r), as measured by NDIS compared to the AIM-MD computed function [14] , thereby accelerating the sampling of configurations representative of the glassy state.
